Abstract. This study examines the spatial variability of ozone fluxes over fiat heterogeneous terrain consisting of a patchwork of irrigated and nonirrigated surfaces. 
Introduction
The daytime boundary layer is typically characterized by downward turbulent flux of ozone. This downward ozone flux is partly associated with entrainment of ozone from the overlying layer [Neu et al., 1994] and ultimately leads to deposition of ozone at the Earth's surface. Surface deposition of ozone onto vegetated and bare surfaces depends on factors different from those affecting surface fluxes of heat, moisture, and carbon dioxide [Massman et al., 1994] . A large fraction of the ozone deposition is directly onto soil and leaf surfaces and is not part of the stomatal exchange [Leuning et al., 1979; Wesely, 1983] .
Ozone deposition also depends on the soil water content and atmospheric humidity. Since ozone is not very soluble in water, deposition of ozone to wet soils is less than for dry soils [Chamberlain, 1986 ] and becomes quite small over saturated soils [Wesely et al., 1981] . McLaughlin and Taylor [1981] found that ozone deposition to plants can increase by a factor of 2 or 3 when relative humidity increases from 35 % to 75 %. As a result of these factors, the spatial variation of ozone fluxes may show a more complex relationship to spatial variations of vegetation cover and soil conditions than is shown by heat and moisture fluxes [e.g., Massman et al., 1994; Sun and Mahrt, 1994] . For example, Mahrt et al. [1994] find that for the data set analyzed in this study, most of the variance of the heat and moisture flux There are situations, however, where the ozone flux is closely related to the vegetative cover and highly correlated with fluxes of heat, moisture, and carbon dioxide. For example, MacPherson [1992] found an approximate relation between ozone flux and the greenness index when comparing aircraft data collected at homogeneous sites over a 1-month observational period. Similarly, Lenschow et al. [1981] found a good qualitative relationship between ozone fluxes and vegetation over a region of mixed rangeland and irrigated cropland. In their case the grass was senescent and there were no apparent significant sources of NO.
As an additional complication, the flux measured above the surface may be considerably different from the surface flux. These differences may result from a large entrainment rate, horizontal advection, rapid time changes, or, in the case of chemically reactive species, production or loss of the species between the surface and the measurement height. Ozone can react with NO on timescales that are short enough to significantly modify the vertical divergence of the ozone flux. Lenschow [1995] estimates the turbulent diffusion timescale to be of the order of a couple of minutes in the upper part of a convective surface layer (lowest 30 m), and a few tens of minutes up to an hour in the overlying mixed layer (1 or 2 km depth). This means that the reaction of ozone with NO, which has a time constant of roughly a couple of minutes, can significantly alter the ozone flux measured, even within the surface layer [Lenschow, 1982; Fitzjarrald and Lenschow, 1983 ; Lenschow and Delany, 1987; Kramm et al., 1991] .
A major source of NO is combustion. Therefore its emission is inherently inhomogeneous and often episodic. When first released, it reacts quickly with ozone and, in large concentrations, can effectively remove the ozone. This is a transient effect. Eventually, as the air is diluted and the NO reaches photochemical equilibrium with NO2, ozone, and various reactive hydrocarbons (and partially oxidized hydrocarbons), the ozone concentration may reach even higher values than were present before the introduction of NO. This is due to ozone production on longer timescales by other chemical processes (e.g., reactions with hydrocarbons) that are enhanced by NO [Seinfeld, 1986] . This paper investigates the relationship of measured ozone fluxes to surface variability in contrast with the relationship of heat and moisture fluxes to the same surface variability. A major goal of this study is to evaluate the ability of the aircraft to estimate spatially averaged surface ozone fluxes in the presence of chemical reactions between the aircraft level and the surface. Surface conditions will be posed in terms of the normalized difference of vegetation index (NDVI) as described by Tucker [1979] . The next section describes how the fluxes and NDVI are computed from aircraft data. Here, q is specific humidity, T 
Data Description and Flux Computations
This is the so-called photostationary state relation [Seinfeld, 1986] . We now consider the injection of NO from a surface point source into the boundary layer. As released NO mixes into the boundary layer, it reduces the ambient O3 concentration through reactions (1)-(3). We assume that the mixing is slow enough that chemical equilibrium is reached as the mixing takes place. Since the reaction time constant is of the order of 100 s, this is a reasonable assumption except within a few meters of the source [Lenschow, 1995] . We describe this process by the following relations: We therefore investigated the possibility of a large stationary diesel engine operating in this area. We then found that for flight 13, a 70-to 100-hp Allison diesel engine, used to drive a tile drain pump, was located underneath the airplane flight track at the approximate location of the strong downward ozone flux. The pump automatically turns off and on depending on water levels and was apparently on for at least one of the eight flights.
([O.,] + a[O,])([NO] + a[NO])/([NO:] + a[NO2]) = [O,][NO]/[NO
d = k•,/k,(6)
8[NO] + a[NO2]----aS[NO]
For flight 19, the largest downward ozone flux (Figure 2 ) is about 1 km farther east near a canal and corresponds to an ozone sink 2-3 times larger than that during flight 13. At the location of this ozone sink for flight 19, two portable irrigation pumps were located, which were driven by 150-hp diesel engines. The large upward moisture flux over this area ( Figure  3b ) may be due to current irrigation of the underlying fields.
On the basis of these calculations, we conclude that the most likely source of such a concentrated ozone loss was large, stationary diesel engines.
Plume Dispersion
In this section we make a rough estimate of the distance The small sample size of flux data within the plume is a serious problem for the present study, and the choices of some of the numerical values given above are uncertain. Future aircraft measurements need to intentionally interrogate a plume having a known NO source with many repeated flight legs parallel with the wind direction.
Conclusions
The above analysis of repeated aircraft runs at 33 m over a flat surface of well-defined irrigated fields has illustrated the complexity of the spatial distribution of the measured ozone fluxes. While the spatial distributions of heat, moisture, and carbon dioxide fluxes are closely related to variations of the surface vegetation, the ozone flux exhibits small scale variations only weakly related to the NDVI. This variability can be explained by chemical reactions of ozone. The two largest distinct maxima of the downward ozone
